The treatment of iron deficiency in areas of high malaria transmission is complicated by evidence which suggests that iron deficiency anemia protects against malaria, while iron supplementation increases malaria risk. Iron deficiency anemia results in an array of pathologies, including reduced systemic iron bioavailability and abnormal erythrocyte physiology; however, the mechanisms by which these pathologies influence malaria infection are not well defined. In the present study, the response to malaria infection was examined in a mutant mouse line, Tfrc MRI24910 , identified during an N-ethyl-N-nitrosourea (ENU) screen. This line carries a missense mutation in the gene for transferrin receptor 1 (TFR1). Heterozygous mice exhibited reduced erythrocyte volume and density, a phenotype consistent with dietary iron deficiency anemia. However, unlike the case in dietary deficiency, the erythrocyte half-life, mean corpuscular hemoglobin concentration, and intraerythrocytic ferritin content were unchanged. Systemic iron bioavailability was also unchanged, indicating that this mutation results in erythrocytic iron deficiency without significantly altering overall iron homeostasis. When infected with the rodent malaria parasite Plasmodium chabaudi adami, mice displayed increased parasitemia and succumbed to infection more quickly than their wild-type littermates. Transfusion of fluorescently labeled erythrocytes into malaria parasite-infected mice demonstrated an erythrocyte-autonomous enhanced survival of parasites within mutant erythrocytes. Together, these results indicate that TFR1 deficiency alters erythrocyte physiology in a way that is similar to dietary iron deficiency anemia, albeit to a lesser degree, and that this promotes intraerythrocytic parasite survival and an increased susceptibility to malaria in mice. These findings may have implications for the management of iron deficiency in the context of malaria.
I
ron deficiency and supplementation can influence the risk and outcome of malaria infection. Epidemiology studies have indicated that iron deficiency anemia (IDA) is associated with a reduced risk of malaria in children and pregnant women (1) (2) (3) (4) (5) , whereas clinical trials have demonstrated that iron supplementation in the absence of adequate health care increases the risk of malaria (6, 7) . While the mechanisms underlying these outcomes are not well defined, it is clear that two major factors contribute: iron bioavailability and erythrocyte physiology.
Iron bioavailability and homeostasis in the host during malaria infection are complex and incompletely understood (8) . During infection, expression of the iron-regulatory hormone hepcidin increases significantly, leading to reduced dietary iron absorption and increased iron storage (9) (10) (11) (12) . The restriction of iron bioavailability may be a host defense mechanism designed to inhibit parasite access to iron, although the source of iron utilized by the parasite is still unclear (13, 14) . In liver-stage infection, reduced iron bioavailability brought on by previously established bloodstage infection inhibits the development of sporozoites, thereby preventing compound infections (15) . It has been speculated that an excess of iron bioavailability resulting from iron supplementation may subvert these processes and encourage parasite growth (16, 17) . Expression of the iron-regulatory protein lipocalin 2 (LCN2) is increased during malaria infection (18) , and studies of knockout mice indicate a key role for LCN2 in modulating the innate and adaptive immune responses to infection through its influence on iron recycling (19) . It is speculated that LCN2 redistributes iron to control erythropoiesis and immune cell development during infection, although it remains to be seen if this may be influenced by iron deficiency or supplementation.
While iron bioavailability can have a direct impact on the outcome of malaria infection, it also affects erythrocyte physiology, the target cell of blood-stage malaria infection. Iron forms part of the heme molecule, which, in complex with hemoglobin, comprises 96% of the dry weight of erythrocytes (20) . Iron deficiency impedes normal erythrocyte development, leading to reduced cell volume (microcytosis) and density. Interestingly, Plasmodium falciparum invasion and replication are inhibited in iron-deficient erythrocytes compared to normal erythrocytes in vitro, although the reason for this has not been determined (21) . In rodent malaria, parasitized iron-deficient erythrocytes are more likely to display phosphatidylserine, which results in enhanced phagocytosis of these cells relative to that of equivalent parasitized control erythrocytes (22, 23) . The reasons for this increased exposure are also undetermined. Overall, evidence suggests that alterations in both iron bioavailability and erythrocyte physiology significantly affect the course of malaria infection, although the biological mechanisms underpinning this remain unclear.
Transferrin receptor 1 (TFR1) is a major protein involved in transporting iron into cells via the iron carrier transferrin and is essential for erythropoiesis (24) . It also regulates iron homeostasis through its interaction with the hemochromatosis protein (HFE), which in turn influences hepcidin expression (25) (26) (27) . Ironloaded transferrin competes with HFE in binding to TFR1, such that increased or decreased binding sites on TFR1 lead to decreased or increased levels of HFE, respectively, in circulation (28) (29) (30) . Mice with mutations induced in TFR1 to promote or prevent binding of HFE display decreased or increased hepcidin expression, respectively (26) . The expression of TFR1 also affects erythrocyte physiology, with TFR1 deficiency resulting in reduced iron uptake by erythrocyte progenitors and microcytosis in a manner similar to that with dietary iron deficiency (24) .
This study investigated the role of TFR1 in iron homeostasis and erythrocyte physiology in the context of rodent malaria infection through the characterization of an N-ethyl-N-nitrosourea (ENU)-mutagenized mouse line. It was postulated that physiological changes in the erythrocyte, brought on by insufficient iron availability during erythropoiesis due to the lack of TFR1, would impair parasite invasion and replication within these cells. Furthermore, changes in iron homeostasis in these mice were predicted to alter the course of infection by influencing iron bioavailability and modulating the erythropoietic response.
MATERIALS AND METHODS

Mice and ethics.
Mice were housed at 21°C with a 12-h-12-h light-dark cycle. Procedures were performed under ethics agreements A0104070, ARA 2012/019, and A2014/054, approved by the animal ethics committees at the University of Tasmania, Macquarie University, and the Australian National University, respectively, and conformed to the National Health and Medical Research Council (NHMRC) Australian code of practice.
ENU mutagenesis screen. Two intraperitoneal injections of ENU at 150 mg/kg of body weight (Sigma-Aldrich, St. Louis, MO) were given 1 week apart to male SJL/J mice. Mice were intercrossed with female SJL/J mice, and progeny (G1) were bled at 7 weeks of age and screened for their peripheral blood parameters, using an Advia 120 automated hematological analyzer (Siemens, Berlin, Germany). The MRI24910 mouse was selected because it exhibited a mean cell volume (MCV) more than 3 standard deviations below the mean. Heritability was ascertained by progeny (G2) testing.
Linkage analysis and sequencing. Linkage analysis was used to determine the genomic interval containing the mutation responsible for the microcytic (MCV of Ͻ48 fl) phenotype. Microcytic G2 mice were outcrossed with C57BL/6 mice to produce F1 offspring. Microcytic F1 mice were crossed with C57BL/6 mice to produce N2 offspring. DNAs were extracted from 13 microcytic N2 mice by using DNeasy blood and tissue kits (Qiagen, Limburg, Netherlands). A genome-wide single nucleotide polymorphism (SNP) analysis was performed on a MASS array platform with over 300 polymorphic SNPs, using IPlex Gold technology (Sequenom Inc., San Diego, CA). This was performed by the Australian Genome Research Facility (AGRF). The genomic interval was confirmed by PCR amplification of a polymorphic microsatellite marker (D16Mit12) in 43 additional microcytic N2 mice. Tfrc exons, including intron-exon borders, were amplified via PCR, and Sanger sequencing was performed by the AGRF.
Osmotic fragility measurement. Ten-microliter aliquots of blood from mutant and wild-type mice were incubated for 30 min at room temperature in 1 ml of 20 mM phosphate buffer (pH 7.4) containing between 0 and 10 g/liter NaCl. The absorbance of the supernatant at 540 nm was used to determine hemolysis.
Erythrocyte half-life assay. Mice were injected intravenously (i.v.) with 1 mg sulfosuccinimidyl-6-(biotinamido)hexanoate (Thermo Fisher Scientific, Waltham, MA) in mouse tonicity phosphate-buffered saline (MT-PBS), resulting in approximately 99% biotinylation of erythrocytes. Tail blood samples were taken on the indicated days and prepared for flow cytometry as described below. The percentage of remaining biotinylated cells on each day was recorded.
Erythrocyte density assay. Erythrocyte density was determined based on separation of erythrocytes in a discontinuous Percoll gradient. A 90% (vol/vol) Percoll solution in MTRC (154 mM NaCl, 5.6 mM KCl, 1 mM MgCl 2 , 2.2 mM CaCl 2 , 20 mM HEPES, 10 mM glucose, 30 U/ml heparin, 0.5% bovine serum albumin [BSA], pH 7.4; 0.22-m filter sterilized) was prepared and then diluted in MTRC to produce eight solutions of decreasing density. These solutions were carefully layered in a 15-ml Falcon tube, from the most dense to the least dense. Freshly obtained blood was layered on top of the gradient before centrifugation at 800 ϫ g for 30 min at 4°C. Each layer was collected, erythrocytes were lysed in hypotonic solution, and the absorbance of the supernatant at 540 nm was measured. The proportion of erythrocytes in each density layer was calculated as the sample absorbance divided by the total absorbance for all layers for that blood sample.
Staining of splenic erythrocyte progenitors for flow cytometry. For the characterization of erythropoietic cells, whole spleens were disassociated through a 70-m cell strainer, and approximately 1 ϫ 10 7 cells were incubated in 50 l of 1-g/ml anti-CD16/CD32 (eBioscience, San Diego, CA) in MTRC for 15 min at 37°C to prevent nonspecific antibody binding. Cells were then incubated for 30 min at 37°C in the dark with 1 g/ml anti-TER119 -phycoerythrin (PE)-Cy7, 1 g/ml anti-CD71 (TFR1)-peridinin chlorophyll protein (PerCP)-eFluor 710 (eBioscience, San Diego, CA), and 4 M Hoechst 33342 (Sigma-Aldrich, St. Louis, MO) and analyzed by flow cytometry.
Measurement of cell surface TFR1. Because TFR1 molecules undergo a constant endocytosis cycle in the presence of iron, spleen cells were first washed in MTRC to remove excess iron. Cells were then incubated at 37°C for 15 min to allow TFR1 molecules to return to the surface of the cell before proceeding with antibody staining as described above. The amount of cell surface TFR1 was determined by the mean fluorescence intensity (MFI) of staining with the CD71 (TFR1) antibody.
Iron measurements. Total nonheme iron was measured as described by Patel et al. (31) . Briefly, tissue samples (ϳ50 to 100 mg) were dried at 45°C for 48 h before being digested in 300 l of 10% trichloroacetic acid-10% HCl at 65°C for 48 h. The iron concentration was determined based on the absorbance at 535 nm after incubation with a chromogen solution (0.01% bathophenanthroline-disulfonic acid, 0.1% thioglycolic acid, 2.5 M sodium acetate), with comparison to a standard curve.
Serum and erythrocytic ferritin levels were measured using a mouse ferritin enzyme-linked immunosorbent assay (ELISA) kit (Kamiya Biomedical, Seattle, WA). The labile iron pool (LIP) was measured as described by Prus and Fibach (32) . Briefly, spleen cells were incubated with 2 M calcein-aceto-methyl ester (CA-AM) (Sigma-Aldrich, St. Louis, MO) for 15 min at 37°C. Cells were washed and divided between two tubes. Deferiprone (100 M) (L1; Sigma-Aldrich, St. Louis, MO) was added to one tube, and the cells were incubated for 1 h at 37°C before being analyzed by flow cytometry. The LIP was calculated by subtracting the CA-AM MFI of L1-treated cells from that of untreated cells. For spleen histology, tissue was fixed in 4% formalin for 24 h and then embedded in paraffin wax. Sections were stained using Perls's Prussian Blue solution of 5% potassium ferrocyanide and 5% HCl at a 1:1 ratio (33) .
RNA extraction and quantitative PCR. RNAs were extracted from livers by use of TRIzol (Life Technologies, Carlsbad, CA). Reverse tran-scription was performed using anchored oligo(dT) 18 primers and a Transcriptor High Fidelity cDNA synthesis kit (Roche, Basel, Switzerland). Quantitative PCR was performed with GoTaq qPCR master mix (BioRad, Hercules, CA), using primers for Hamp1 (F, 5=-TTGCGATACCAA TGCAGAAGA-3=; and R, 5=-GATGTGGCTCTAGGCTATGTT-3=) and Actb (F, 5=-GGCTGTATTCCCCTCCATCG-3=; and R, 5=-CCAGTTGGT AACAATGCCATGT-3=) which were designed so that one primer spanned an exon-exon boundary. Results were calculated using the ⌬⌬C T method and reported as the fold change in cDNA of the mutant compared to the wild type, based on Hamp1 expression compared to Actb expression.
Malaria infection. For experimental malaria infection, 250 l of thawed Plasmodium chabaudi adami DS-or Plasmodium yoelii NL-parasitized blood was injected into the intraperitoneal cavity of C57BL/6 donor mice. Once C57BL/6 donors reached 2 to 15% parasitemia, they were bled by cardiac puncture. Parasitized blood was diluted in Krebs's buffered saline containing 0.2% glucose according to the method of Jarra and Brown (34) , and the required dose of parasitized erythrocytes was injected into the intraperitoneal cavity of mice to be infected. For one experiment, parasitized blood was diluted in minimum essential medium with 10% HEPES (Sigma-Aldrich, St. Louis, MO) and injected intravascularly. All experiments were performed on SJL/J mice unless otherwise stated.
Microscopy. Thin blood smears were fixed in methanol for 1 min before being stained in a 10% Giemsa solution (Sigma-Aldrich, St. Louis, MO) at pH 7.4 for 10 min. Parasitemia was calculated by counting at least 500 parasitized cells by light microscopy at a magnification of ϫ100.
Labeled-erythrocyte assays. Labeled-erythrocyte assays were performed as previously described (35, 36) , with modifications. Briefly, blood was collected from wild-type and mutant mice by cardiac puncture and suspended at 20% hematocrit in MTR (154 mM NaCl, 5.6 mM KCl, 1 mM MgCl 2 , 2.2 mM CaCl 2 , 20 mM HEPES, 10 mM glucose, 30 U/ml heparin, pH 7.4; 0.22-m filter sterilized). Blood was incubated with 20 g/ml hydroxysulfosuccinimide Atto 633 or 20 g/ml hydroxysulfosuccinimide Atto 488 (Sigma-Aldrich, St. Louis, MO) at 4°C for 1 h with constant slow mixing. Erythrocytes were washed three times, and mutant erythrocytes were combined with wild-type erythrocytes in approximately equal proportions in two label combinations to account for any dye effects. Approximately 1 ϫ 10 9 to 2 ϫ 10 9 labeled erythrocytes were transfused intravascularly into infected wild-type and mutant mice during schizogony (approximately 6 h into the dark cycle). Blood samples were taken from recipient mice at the indicated time points and stained and analyzed by flow cytometry as described below. The percentage of infected mutant labeled erythrocytes was divided by the percentage of infected wild-type labeled erythrocytes to obtain the ratio of parasitized mutant cells for each individual host mouse. The one-sample t test was used to determine the statistical significance of this value at each time point. Similarly, the ratio of remaining labeled cells was calculated as the percentage of remaining mutant labeled cells (compared to the first time point) divided by the percentage of remaining wild-type labeled cells.
Staining of blood samples for flow cytometry. For measurements of erythrocyte half-life, parasitemia, and reticulocytosis, erythrocyte counts, and labeled-erythrocyte assays, samples were prepared for flow cytometry as follows. Three microliters of tail blood was collected directly into 50 l staining solution which contained 2 l Sphero blank calibration beads (only for assays measuring erythrocyte counts) (BD Biosciences, Franklin Lakes, NJ), 1 g/ml streptavidin-PE-Cy7 (only for assays with biotinylated erythrocytes), 1 g/ml anti-CD45-allophycocyanin (APC)-eFluor 780 (clone 30-F11), and 1 g/ml anti-CD71 (TFR1)-PerCP-eFluor 710 (clone R17217) (eBioscience, San Diego, CA) in MTRC. Samples were incubated at room temperature for 20 min, 500 l of 2 M Hoechst 34580 (Sigma-Aldrich, St. Louis, MO) was added, and samples were incubated at room temperature for a further 20 min before being washed and analyzed by flow cytometry.
Flow cytometry. Samples were run and 1,000,000 to 10,000,000 events were collected using either BD FACS Diva or BD FACS Sortware with a BD Aria II, BD LSRFortessa, or BD Influx flow cytometer (BD Biosciences, Franklin Lakes, NJ). Analysis was performed using FlowJo v10.0.6 (Tree Star, Ashland, OR). Cell debris and noise were removed from analysis based on forward scatter (FSC) and side scatter (SSC) properties, and single cells were gated based on the FSC peak area/height ratio. Beads were selected based on FSC/SSC, and relative erythrocyte counts were determined based on the bead counts for infected mice versus three uninfected mice included in each analysis.
Statistics. For malaria survival, statistical significance was determined by the Mantel-Cox test. Linkage analysis scores were calculated based on a chi-square goodness-of-fit test. For ratios obtained in the labeled-erythrocyte assays, significance was determined using the one-sample t test, with 1 as the hypothetical mean. For other results, two-tailed Student's t test was used to determine statistical significance.
RESULTS
Identification of a novel ENU-induced mutation in
Tfrc in a mouse strain with a dominant microcytosis phenotype. Automated full blood counts were performed on 7-week-old G1 offspring from ENU-mutagenized mice to identify dominant mutations causing erythrocyte abnormalities. The G1 mouse MRI24910 was selected based on a decreased mean cell volume (MCV) of 45.9 fl, which was more than 3 standard deviations below the mean (53.1 Ϯ 1.3 fl) (Fig. 1A) . Half of the G2 mice, generated by backcrossing the G1 founder to wild-type mice, also displayed this phenotype (mean MCV, 46.8 Ϯ 0.6 fl), indicating that a fully penetrant, dominant mutation was causing the microcytosis ( Fig. 1A and C) . Apart from their size, the microcytic erythrocytes displayed a normal, discoid shape, with no other obvious abnormalities (Fig. 1B) . Additional parameters from the automated full blood counts indicated that affected mice had reduced erythrocyte hemoglobin, which was compensated for by an increased erythrocyte count and resulted in a normal level of hemoglobin by blood volume (Fig. 1C) . Microcytic erythrocytes had significantly decreased osmotic fragility, as assessed by the extent of hemolysis of erythrocytes in different concentrations of salt solution (Fig. 1D) . To investigate the in vivo half-life of erythrocytes, mice were injected with biotin, and the proportion of biotinylated erythrocytes was monitored over time. No difference was found in the clearance rate of microcytic erythrocytes (Fig.  1E) . Percoll density gradient centrifugation indicated that microcytic cells had a reduced density (Fig. 1F) .
The ENU-induced mutation responsible for this phenotype was mapped by backcrossing the original G1 mouse, MRI24910, to a C57BL/6 mouse. Linkage analysis using affected mice (MCV of Ͻ48 fl) indicated a significant linkage peak on chromosome 16, between 7 Mbp and 67 Mbp (see Fig. S1A and B in the supplemental material). The Tfrc gene, located at 32.6 Mbp, was selected as an ideal candidate. A deficiency in this gene has been reported to cause a similar dominant microcytosis phenotype (24) . Sanger sequencing of all exons of the Tfrc gene revealed a T-to-C transition in exon 5 leading to a serine-to-proline substitution (S161P) (see Fig. S1C ). No other mutations in the gene were identified. Serine 161 is highly conserved across different species (Fig. 2B) and is located in a so-called protease-like domain of the transferrin receptor 1 protein (TFR1), which in the equivalent region of the human protein is involved in the binding of transferrin (37) (Fig. 2A) . It was hypothesized that the mutation, designated Tfrc MRI24910 , may disrupt normal TFR1 function in a way that causes perturbations in erythropoietic iron transport, thereby explaining the abnormal erythrocyte phenotype of these mice. Repeated attempts to generate homozygous Tfrc MRI24910 animals were unsuccessful, and there was evidence of embryo reabsorption in heterozygous females mated with heterozygous males at embryonic day 13.5, indicating that two mutant alleles prevent viable embryo development. Throughout this study, Tfrc MRI24910/ϩ mice are referred to as mutants. Tfrc MRI24910 results in reduced TFR1 expression and altered splenic iron homeostasis. To investigate the effect of the Tfrc MRI24910 mutation on TFR1 expression, the cell surface levels of TFR1 were measured on splenic erythroblasts and reticulocytes, which express particularly high levels of TFR1 (38) . TFR1 transports iron into the cell through endocytosis, and only a proportion of the protein is present on the cell surface at any one time. Cells were therefore incubated in iron-free medium to stimulate and maximize the externalization of the protein before analysis. Cells were then stained with anti-CD71 (TFR1) antibody, and also Hoechst DNA dye and anti-TER119, to facilitate the identification of erythroblasts and reticulocytes by flow cytometry (Fig. 2C and  D) . The TER119 antigen is specifically expressed on late-stage murine erythroid cells, while the DNA-specific Hoechst dye can be used to distinguish between enucleate reticulocytes and late-stage erythroblasts. The mean fluorescence intensity (MFI) of staining with the CD71 (TFR1) antibody was used to quantify levels of surface TFR1. Splenic erythroblasts and reticulocytes from mutant mice had significantly less surface TFR1 per cell than did those from wild-type mice, based on mean fluorescence intensity (38% and 42% less, respectively) (Fig. 2E) . The reduced expression may have been caused by either haploinsufficiency or the mutant protein not undergoing normal trafficking to the surface of the cell. In either case, a reduction in surface-expressed TFR1 would likely reduce the cell's ability to import iron, and therefore would perturb erythropoietic development.
To investigate if the decreased surface expression of TFR1 alters cellular iron management during erythropoiesis, the labile iron pool (LIP) of erythrocytes, reticulocytes, and erythroblasts, as well as intraerythrocytic ferritin content, was measured. Cellular iron homeostasis and TFR1 expression within erythroblasts are tightly regulated by the iron-regulatory proteins Irp1 and Irp2, which in turn sense the cellular LIP status (39) (40) (41) . An excess LIP results in upregulation of ferritin expression, while a small LIP leads to increased expression of TFR1. Analysis of the LIP in erythroid progenitors (erythroblasts and reticulocytes) as well as erythrocytes found no difference between mutant and wild-type cells (Fig. 2F) . In addition, intraerythrocytic ferritin levels were also found to be normal in mutant mice (Fig. 2G) . There was also no difference in the proportion of splenic erythroblasts and reticulocytes between mutants and wild-type mice and no difference in the proportion of peripheral blood reticulocytes (see Fig. S2A and B in the supplemental material). Overall, these results indicate that the Tfrc MRI24910 mutation causes reduced surface expression of TFR1 but does not result in any major perturbations to cellular iron homeostasis. Erythroblasts are able to mature into apparently normal functioning erythrocytes, albeit of a reduced size and reduced hemoglobin content.
The iron-regulatory protein HFE binds to TFR1. Therefore, a reduction in TFR1 could plausibly lead to an increase in the amount of circulating HFE, disturbing hepcidin levels and affecting systemic iron homeostasis (26) . Levels of ferritin and nonheme-bound iron in the sera and livers of the mutant mice appeared normal. In contrast, non-heme-bound iron in the spleen was significantly reduced (Fig. 2H) . This was confirmed by histological analysis of spleen sections by use of Perls's Prussian Blue (see Fig. S3 in the supplemental material) . The spleen is directly involved in erythropoiesis and erythrocyte iron recycling. Since cellular iron homeostasis and the abundance of splenic erythropoietic cells were normal ( Fig. 2F and G; see Fig. S2 ), this result could instead indicate an abnormality in the recycling of erythrocytes. An abnormality in erythrocyte recycling could be caused by an impairment of macrophage phagocytosis or a change in the susceptibility of erythrocytes to splenic clearance. Together, these results suggest that systemic iron availability is essentially normal in mutant mice. Tfrc MRI24910 increases susceptibility to P. chabaudi adami DS infection but not to P. yoelii NL infection. We next investigated if the Tfrc MRI24910 mutation would influence the course of malaria infection. Mice were challenged with the rodent malaria parasites P. chabaudi adami DS and P. yoelii NL, and parasitemia and survival were monitored daily. During P. chabaudi infection, parasitemias of mutant mice increased more rapidly than those of their wild-type littermates, resulting in significantly higher parasitemias during the acute stage of infection, before peak parasitemia (Fig. 3A) . After the peak of infection, parasitemias decreased at equal rates in both mutant and wild-type mice. SJL/J mice are naturally susceptible to P. chabaudi infection and rarely survive when challenged with this strain. Nevertheless, mutant mice succumbed to infection earlier than wild-type mice, although the difference in survival was not significant (P ϭ 0.067) (Fig. 3B) . In contrast, both mutant and wild-type mice responded similarly to the less virulent P. yoelii infection. Parasitemias of mice increased at equivalent rates, and mice were able to clear infection equally well, with no mice succumbing to infection (Fig.  4A) . Notably, P. yoelii infects reticulocytes at a higher frequency than that for mature erythrocytes, while P. chabaudi infects mainly mature erythrocytes, suggesting that the enhanced susceptibility of mutant mice may be restricted to differences in the interaction of parasites with mature erythrocytes. To investigate this hypothesis, we measured the parasitemia of the mature erythrocyte population during P. yoelii infection. There was a modest increase in The S161 residue is highly conserved, suggesting that it has a critical function in the protein. (32) . Ferritin contents in erythrocytes (G) and serum (H) were measured by ELISA. (H) Nonheme iron contents in the serum, liver, and spleen were measured colorimetrically, and hepcidin mRNA expression in the liver relative to that of the wild type was determined using the beta-actin gene as a housekeeping gene. Error bars indicate SEM. **, P Ͻ 0.01; ***, P Ͻ 0.001. Data are representative of one of three experiments with four mice per group for TFR1 MFI. Data are from one experiment with four mice per group for LIP, ferritin, serum iron, and hepcidin measurements and from two experiments with seven or eight mice per group for liver and spleen iron measurements.
P. yoelii parasitemia of mature erythrocytes, although this was statistically significant only on day 5 (Fig. 4B) .
We considered two possible reasons for the increased susceptibility of the mutant erythrocytes to P. chabaudi infection. First, the mutation may impose a systemic effect on the erythropoietic response or iron homeostasis. Alternatively, physiological changes to the erythrocyte itself may enhance the ability of the parasite to invade or to grow or survive within the mutant erythrocyte.
To address the first hypothesis, the erythropoietic response and iron homoeostasis were investigated during the course of P. chabaudi infection. To assess the erythropoietic response, erythrocyte counts and the proportion of reticulocytes were measured. Reticulocyte abundance increased significantly, in concordance with decreasing erythrocyte numbers ( Fig. 3C and D) . However, there were no differences between mutant and wild-type mice. We also quantified the splenic erythroblasts and reticulocytes in a cohort of mice on day 10 of infection, but no differences were observed between mutant and wild-type mice (see Fig. S2B in the supplemental material). In addition, analysis of the erythropoietic response in mutant versus normal mice during P. yoelii infection showed that the responses were no different ( Fig. 4D and E) . To-
FIG 3 Susceptibility of Tfrc
MRI24910/ϩ mice to P. chabaudi adami DS infection. Female mice were infected with 1 ϫ 10 4 parasitized erythrocytes by intraperitoneal injection and analyzed for parasitemia (A) and survival (B). Data are combined from three experiments with a total of 14 mutant and 13 wild-type mice. Parasitemia was determined by either counting of cells on Giemsa-stained slides (experiments 1 and 2) or flow cytometry using the DNA dye Hoechst 34580 (experiment 3). Reticulocyte (C) and erythrocyte (D) counts were determined by flow cytometry in one experiment (six mutant and four wild-type mice). Parasitemia (E) and nonheme iron levels in the serum, liver, and spleen (F) were determined in one experiment with mice infected with 1 ϫ 10 4 parasitized erythrocytes by intravenous injection and sacrificed on day 10 of infection (four mutant and five wild-type mice). Error bars indicate SEM; the log rank (Mantel-Cox) test was used to calculate P values for survival. *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001 (between wild-type and mutant mice). ###, P Ͻ 0.001 between day 12 and day 8 of infection.
gether, these results indicate that the erythropoietic response to malaria infection is not affected by the Tfrc MRI24910 mutation. During malaria infection, the parasite must obtain iron from its host in order to survive and replicate. The host may sequester iron during infection in order to restrict parasite growth (42) . Serum and tissue iron levels were measured in a cohort of mice on day 10 of infection. Although mutant mice had significantly higher parasitemias, there were no differences in serum or liver iron levels to indicate abnormal iron homeostasis during infection ( Fig. 3E and F) , while spleen iron levels remained reduced in mutant mice, as observed when mice were uninfected (Fig. 3F) . Together, these results suggest that the increased parasitemias of mutant mice were not related to iron homeostasis.
To investigate if intrinsic differences in the mutant erythrocyte instead determined the infection susceptibility phenotype, we investigated the ability of parasites to invade mutant erythrocytes and the survival of parasitized cells within the circulation. We employed a labeled-erythrocyte assay as previously described (35, 36) . The assay allows a direct comparison of parasite invasion and survival in two different erythrocyte populations within the circulation of a single host animal (Fig. 5A and B) . For P. chabaudi infection, time points spanning one complete replication cycle were investigated (3, 7, 15 , and 23 h) (Fig. 5C ). After injection of labeled mutant and wild-type cells into an infected wild-type host animal, the number and relative proportion of labeled cells remained relatively stable over the course of the experiment, indi- cating that uninfected mutant cells were normally tolerated in the host animal (Fig. 5C, panels iii and iv) . After 3 h, there were no significant differences in the proportions of parasitized labeled cells in the host animals (Fig. 5C, panels i and ii) . This indicates that the parasite was able to invade each cell type with an equal efficiency. However, at the last three time points, robust and statistically significant increases in the ratios were observed, namely, 1.09 Ϯ 0.032 (P ϭ 0.026), 1.14 Ϯ 0.024 (P ϭ 0.002), and 1.14 Ϯ 0.017 (P ϭ 0.0003), respectively (Fig. 5C, panel ii) . This represents a 9 to 14% relative increase in the number of mutant parasitized cells. Similar differences at these three time points, in terms of both magnitude and statistical significance, were observed in equivalent experiments using infected mutant mice as the host animals (Fig. 5D, panel ii) . Taken together, the results suggest that P. chabaudi parasites have an erythrocyte-autonomous survival advantage when residing within mutant erythrocytes, which occurs regardless of the host environment and across a range of host parasitemias.
The same assay was also performed using P. yoelii-infected host animals, except that an extended series of time points were examined (12, 36 , and 60 h) (Fig. 6) . For technical reasons, we focused only on proportions of mature erythrocytes and could not examine early, invasion-dependent time points because of the small number of erythrocytes infected. The proportions of labeled mature cells remained stable over the course of the experiment, although there was a modest decrease compared to all circulating cells (Fig. 6A, panels iii and iv) . Similar to the results obtained using P. chabaudi, significantly larger proportions of P. yoelii-parasitized mutant cells were observed at each time point: 1.64 Ϯ 0.10 (P ϭ 0.0002), 1.13 Ϯ 0.052 (P ϭ 0.04), and 1.13 Ϯ 0.016 (P ϭ 0.00003), respectively (Fig. 6A, panels i and ii) . This indicates that the enhanced survival of parasitized mutant erythrocytes appears to occur irrespective of parasite species. The ratio differences in the P. yoelii experiments were also seen in both wild-type and mutant host animals, confirming the cell-autonomous nature of this phenotype (Fig. 6B) .
Overall, these results suggest that although parasites invade mutant and wild-type erythrocytes equally, they have an erythrocyte-autonomous survival advantage in mutant erythrocytes. Although this survival increase was modest (9 to 15%), the cumulative effect of this survival advantage over multiple parasite replication cycles could plausibly explain the increased parasitemias of mutant mice during P. chabaudi infection.
DISCUSSION
Iron homeostasis during malaria infection is complex and remains poorly understood (8) . Clinical studies have shown 30 to 51% reductions in the risk of malaria in children with iron deficiency anemia (IDA) compared to children with normal iron levels (1) (2) (3) . Evidence suggests that altered iron bioavailability and erythrocyte physiology may explain this reduced malaria risk; however, the relative importance of these factors and the mechanisms involved remain unclear. In the present study, the response to malaria was assessed in a mouse line carrying a novel ENUinduced missense mutation in the Tfrc gene. Given the critical role of TFR1 in facilitating iron uptake by erythroblasts, as well as its influence on systemic iron homeostasis, it was hypothesized that this mutation would reduce malaria susceptibility in a manner similar to that for IDA. In fact, the opposite was found to be true, with mutant mice displaying an increased susceptibility to P. chabaudi infection.
There are several key differences between IDA and the mouse line described here. IDA occurs due to dietary iron deficiency, where a systemic lack of iron leads to an inadequate iron supply during erythropoiesis, resulting in microcytosis and a reduced mean cell hemoglobin level, blood count, overall hemoglobin level, mean cell hemoglobin concentration, and hematocrit. IDA erythrocytes also display reduced osmotic fragility, density, ferritin content, and erythrocyte half-life (43) . Mutant mice exhibited a less severe erythrocytic iron deficiency, as indicated by microcytosis and a reduced mean cell hemoglobin level, osmotic fragility, and density but a normal mean cell hemoglobin concentration, ferritin level, and erythrocyte half-life. Additionally, microcytosis was accompanied by an increased blood count, resulting in a normal overall hemoglobin level and hematocrit. Previously characterized mutant mouse lines displaying microcytosis and reduced surface levels of TFR1 on erythroblasts, including the heterozygous knockout mouse line Tfrc Ϫ/ϩ , exhibit a similar phenotype (24, 44, 45) . Given that we also observed reduced TFR1 on the surfaces of mutant erythroblasts, our explanation for the microcytosis in the Tfrc MRI24910/ϩ line is a reduction of iron transport into cells during erythropoiesis. It appears that the mice are able to compensate by producing larger numbers of cells. Additionally, the mutation does not result in major perturbations to systemic iron homeostasis, as indicated by normal serum iron parameters, hepcidin expression, and liver iron content.
In addition to investigating the effect of the Tfrc MRI24910 mutation on iron homeostasis and erythrocyte physiology, the other major focus of this study was determining if this mutation would alter malaria susceptibility. The mechanisms underlying malaria resistance in IDA are still unclear, and this study provided an opportunity to assess the importance of iron deficiency in the erythropoietic system, compared to dietary iron deficiency, in determining malaria risk. Unexpectedly, mutant mice displayed a marked increase in parasitemia during the acute stage of infection with P. chabaudi, with a concomitant decrease in survival. We therefore sought to identify the mechanistic basis of this increased susceptibility.
Malaria infection results in a redistribution of host iron in order to limit iron availability to the invading parasite (15, 19) . It has been suggested that parasite growth is inhibited during IDA due to an additional reduction in the bioavailability of iron (46) . While it remains unclear where and how the parasite obtains the iron necessary for growth, evidence suggests that the parasite meets some of its need by importing iron from serum (16, 47, 48) . Reduced serum iron in individuals with IDA may reduce the parasite's access to iron, thereby inhibiting growth. However, systemic iron availability in the Tfrc MRI24910/ϩ line was normal, and when the mice were challenged with P. chabaudi, no obvious changes in iron homeostasis were observed. We also considered if the mutation impaired the response of mice to the anemia that occurs during malaria infection. Reticulocyte levels and erythrocyte counts were comparable between mutant and wild-type mice during the course of both P. chabaudi and P. yoelii infections, while spleen erythroblast and reticulocyte levels were also equivalent at the acute stage of P. chabaudi infection. Overall, our results indicated Mutant and wild-type donor erythrocytes were obtained from three mice each and pooled before labeling. Analysis was conducted at the three time points indicated, and data in panels i to iv are presented as described in the legend to Fig. 5 . Error bars indicate SEM. *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001 (as determined using the one-sample t test, with a ratio of 1 as the hypothetical mean for each time point).
that the systemic response to malaria, in terms of iron homeostasis and erythropoiesis, was normal in mutant mice and could not explain the increased malaria susceptibility.
Erythrocytes from patients with IDA inhibit parasite invasion and growth in vitro (21, 23) . Therefore, we considered whether altered erythrocyte physiology could account for the observed increase in malaria susceptibility in mutant mice. We did not observe any difference in the ability of P. chabaudi parasites to invade mutant erythrocytes in an in vivo parasite invasion assay. However, we found that both P. chabaudi and P. yoelii parasites had an increased survival rate after infecting mutant erythrocytes. The parasite survival phenotypes were equivalent in both wild-type and mutant host animals. This allowed us to conclude that the survival effect is intrinsic to the mutant erythrocyte and is unlikely to be influenced by other host factors affected by the mutation. Erythrocyte-specific factors that influence parasite survival in the circulation include the intracellular environment in which the parasite can grow, maintenance of cell integrity, interaction with immune surveillance and cell clearance mechanisms, and passage through the small capillaries and filtering beds in the spleen. The effects imparted by the Tfrc MRI24910 mutation on parasitized erythrocytes could potentially affect one or more of these processes. This finding is at odds with the case for IDA erythrocytes, in which the parasite is more susceptible to clearance and therefore has a reduced rate of survival (22, 23) . Enhanced clearance in individuals with IDA is thought to be caused by increased phosphatidylserine exposure, which mediates increased phagocytosis, although the reasons for this increased exposure are unknown (22) . Our results indicate that physiological characteristics, including microcytosis, density, and osmotic fragility of erythrocytes, do not necessarily influence erythrocyte susceptibility to invasion or the ability of erythrocytes to support parasite growth. This finding is also supported by other studies, both in vivo and in vitro, which indicate that microcytosis per se does not inhibit parasite growth or reduce the risk of malaria (49, 50) . These findings may have implications for the management of malaria risk during dietary iron deficiency and suggest that it may be worthwhile to consider malaria risk in cases of low-level iron deficiency, which may result in a phenotype similar to that observed here, as well as severe iron deficiency.
It is highly likely that the erythrocyte-intrinsic increase in parasite survival within the circulation is the principle reason for the observed increase in susceptibility to P. chabaudi infection. We did observe a reduction in nonheme splenic iron levels in both infected and uninfected mutant animals, which is indicative of a defect in the erythrocyte recycling system. This could potentially affect the functions of this organ during malarial infection, including cell filtration and macrophage phagocytosis. However, proportions of P. yoelii-infected reticulocytes were similar in both mutant and wild-type mice, suggesting that the clearance of these cells was not perturbed. Any contribution to the P. chabaudi susceptibility phenotype by the splenic defect is probably minimal, although a more formal examination of this and other immune response functions is required to completely rule out nonerythrocytic factors.
In conclusion, this study reports a novel mutation in Tfrc which reduces the surface expression of the encoded protein on erythroblasts. Phenotypically, the mutation causes an erythrocytic iron deficiency, characterized by microcytosis and reduced cell hemoglobin, in heterozygous mice. Importantly, differences in erythrocyte half-life, mean cell hemoglobin concentration, and intraerythrocytic ferritin content indicate that the erythrocytic iron deficiency of these mice is less severe than that seen in IDA. Unlike mice with IDA, Tfrc MRI24910 mutant mice displayed an elevated susceptibility to P. chabaudi malaria infection and exhibited increased parasitemias during the acute phase of infection, with increased parasitemia levels resulting from an erythrocyteautonomous increase in parasite survival.
